The Design of the 100 GHz CARM G~tiillaLor Experiment The design of a 10-20 MW, 40 nsec cyclotron auto-resonance maser is presented. The basic components of the CARM are a pulseline accelerator, magnetic-field coils, a novel 600 kV, 200 A fieldemission electron gun designed for p l/p = 0.6 and A p 2 /p, < 3%, and a "whispering-gallery" mode rippled-wall cavity designed for high Q-'or the desired CARM mode and for low Q for competing gyrotron interactions. The NRL CARM operates with a wave group velocity that is less than optimum for autoresonance, but where the cyclotron maser instability is strong. By keeping the interaction region short (less than 10 cyclotron orbits), the effect of velocity spread is reduced, and the efficiency can be quite high; computer simulations indicate that the device will operate at efficiencies greater than 20%
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Arne W. Fliflet (202) High-power millimeter waves have many important applications. For example, millimeter-wave radar systems will yield higher target resolution than lower-frequency systems for a particular antenna aperture. Communications systems may benefit from a more strongly-focused radiation beam and from the larger information bandwidth available as the frequency is increased. Electron-cyclotron-resonance heating of fusion plasmas will require high-frequency radiation when strong magnetic fields are used to confine the plasma. (11 The cyclotron auto-resonance maser (CARM) is a promising source of high-power radiation in the 100 GHz to 500 GHz frequency range that may impact the i-equirements of advanced systems for applications such as those mentioned above. The requirements for guide magnetic-field strength and electron energy in a CARM may be advantageous when compared with competing devices. Compared with a gyrotron, the required magnetic field strength requirement is substantially reduced. The CARM can provide mm and sub-mm radiation in the first electron-cyclotron harmonic using currently available magnet technology. For example, the experiment at the Naval Research Laboratory is designed to produce powers in excess of 10 MW at 100 GHz with a 600 kV beam and a magnetic field of only 25 kG, while a first-harmonic gyrotron operating at 100 GHz with the same beam voltage requires a magnetic field of over 70 kG. Compared with a conventional magnetostatic-wiggler FEL, the CARM can reach sub-mm wavelengths with a lower electron-beam voltage. For example, a 500 kV CARM oscillator has the potential for efficient multi-MW operation at wavelengths down to 0.75 mm with a 100 kG superconducting magnet; a 500 kV FEL oscillator with a 3 cm period magnetic-wiggler will produce radiation at 4.5 mm. [21 " (p The CARM can be either an amplifier or an oscillator. An oscillator design removes the need for an input source and input couplers. In addition, amplifier operation requires suppression of backward-wave instabilities.
The CARM oscillator, like the gyrotron oscillator, is a cyclotron maser. In contrast to the gyrotron, which reqjuires an electron beam with a large momentm pitch lngle (tVpiaily pjp, > 1), the CARM has an ele,:Lron beam with a low to moderate pitch angle (p_L/pz < 0.7) and a substantial amount of axial momentum. The CARM benefits from the doppler upsift provided by the axial velocity of the beam: the operating frequency of the CARM is approximately , 2 1c, where fc is the relativistic cyclotron frequency associated Manuscript approved June 21. I) 8 with the axial magnetic field, and y is the usual relativistic factor. The dispersion relation for the NRL CARM is shown in Fig. 1 . The CARM interaction corresponds to the upper intersection of the beam cyclotron mode and the waveguide mode.
There is a fairly extensive literature on the theory and simulation of CARMs and other doppler-shifted cyclotron maser configurations [3] - [10] . The only experimental studies reported to date, however, have been the experiments of Botvinnik et al Il] ,t 12], who achieved 6 MW at a wavelength of 4.3 mm and 4% efficiency, and 10 MW at a wavelength of 2.4 mm and 2% efficiency. A major objective of the present experiment is the achievement of higher efficiency, -20%, which is predicted by theory for the CARM. Competition between the desired mode and other available modes can lead to unstable operation; the density of modes which can be excited by the CARM interaction is generally high. In addition, gyrotron modes, which are nearly cut-off and operate near the cyclotron frequency, also present significant competition. Electron beam velocity spread, which leads to lowered efficiency, is also a critical factor in the design of a CARM oscillator. This paper presents the design of an electron gun and a microwave resonator to achieve a highly efficient CARM.
II.
Design of the Bragg cavity
In order that the CARM oscillate in the correct mode at the Doppler-shifted frequency, the oscillation-threshold current of the CARM mode should be lower than the threshold currents of competing modes. The cavity and beam parameters chosen for this experiment are based on the theoretical study of the CARM interaction given in Ref. 14. As shown in that paper, the efficiency of the CARM is optimized by choosing a normalized interaction length t = 8, and a normalized wave amplitude F = 0.2, where .t and F are defined below.
and,
where I is the mode-equivalent-voltage amplitude [ 12] , oz is the axial velocity of the electrons, Pph is the phase velocity of the radiation, kmn is the wave number of the radiation, r. is the mean radius of the electron beam, Pjo is the transverse velocity of the electrons, L is the length of the cavity, (o is the angular frequency of the radiation, and Cmn is a beam-wave coupling coefficient that depends on the mode indices.[ 151 Gyrtron modes are the most dangerous competing modes because the gyrotron interaction is the strongest cyclotron-maser interaction; the cavNi:y must be kept short to raise the threshold currents of the gyrotron modes. The Q of the resonator is 15G0 for the design mode, which makes the oscillation threshold current for the CARM approximately 50 Amp; the gyrotron interaction must have a higher start current. In order to minimize the total cavity length, the reflectors must be short.
A cavity design that satisfies the criteria for a CARM oscillator is the Bragg cavity. The Bragg cavity is a section of smooth waveguide connecting two rippled-waveguide reflectors[131. For the proper mode, for which the guide wavelength is twice the ripple period, constructive interference of the small reflections from the ripples can provide a strong reflection. Whispering-gallery (TEm I) modes couple most strongly to the corrugations[ 161, and therefore have the highest reflectivities. Other modes can have low reflectivity. The Q of the resonator can be increased either by lengthening the uncorrugated section, or by increasing the reflectivity of the corrugated sections. Since each reflector provides a 900 phase shift, the length of the smooth section must be such that the total path length of the radiation in one round trip of the resonator is an odd integral number of half wavelengths.
If the corrugated sections are highly reflective, the Q of the Bragg resonator is
where k is the free-space wave number, k, is the waveguide axial wave number, and RI and R 2 are the reflectivities of the corrugated sections which are given by
Leff is the effective length of the cavity, which is larger than the length of the smoothwaveguide section because of the energy stored in the rippled-waveguide sections.
where L 1 and L 2 are the lengths of the reflectors; GI and G2, are the coupling coefficients of the reflectors and are
for the TE modes, and G _ LW 2/c2 + p2(7 2a P
for the TM modes [3] , [16] . 10 is the length of the rippled section, x , is the zero of the derivative of the Bessel function with resnect to its argument, m as the azimuthal index, a is the waveguide wall radius, o) is the angular frequency, 03 is the wave number of the radiation, and c is the speed of light.
In order for the device to work successfully as a CARM, the threshold currents of gyrotron modes must be greater than the threshold current of the desired CARM mode. The CARM has a beam with a low to moderate ratio (a) of transverse momentum to axial momentum, which raises the threshold current of the gyrotron modes. Even so, the Q of the gyrotron modes must be kept as low as possible, which means the cavity must be kept as short as possible. The smallest possible Q of a gyrotron mode in a straight cavity of length L 0 is the minimum diffraction Q:
where Xfs is the free-space wavelength of the near-cutoff mode, and p is the number of half wavelengths in the cavity. The shorter the cavity, the less dangerous the gyrotron modes. Table I summarizes the design of the cavity for the NRL 100 GHz experiment, and Fig 3 shows the relationship between the cavity geometry and the radiation envelope. The Q of the resonator for the CARM must be high enough to ensure that that competing gyrotron modes will not start before the CARM mode starts. For the parameters of the NRL experiment,the highest Q gyrotron mode has a Q of approximately 500. In order to satisfy the requirement that the CARM mode oscillates at a lower current than any competing gyrotron mode, the Q of the CARM operating mode must exceed 1400. Since a reflectivity of 90% was chosen for the downstream reflector and a reflectivity of 98% was chosen for the upstream reflector, the smooth section of the resonator must be 2.5 cm long. The upstream reflector is the shallower of the two corrugated sections, and hence has the longer radiation e-folding length. The upstream and downstream reflectors are 3 cm and 1.5 cm long respectively.
The time dependence of the CARM oscillator driven by a pulsed-power system must be considered. A model of the voltage pulse that consists of a linear voltage rise from zero to the operating voltage, followed by a constant voltage for the rest of the pulse was chosen to be used in a single-mode, time-dependent, fixed-field CARM oscillator code.
The results of this code, shown in fig 4, indicate that a 70 nsec pulse is more than adequate to drive the CARM mode to saturation. In addition, the start-up of the various cavity modes during the rise of the pulse must be considered. Fig 5 shows a plot of the start current for the modes in the Bragg cavity for a beam with the parameters outlined in the next section. The starting currents are calculated for a fixed field profile and for voltages ranging from 0 to 7G0 kV, while the magnetic field is kept constant. cX is assumed proportional to V. The current in the beginning of the pulse is assumed to vary as the voltage to the 3/2 power in order to model space-charge limited flow from a relativistic diode.. As the current rises in the pulse, the TE 8 1 mode is expected to start first, followed by the TE 71 , which is followed by the TE 6 1 mode. The major competing gyrotron modes are also plotted; they are denoted by the dashed line.
The ohmic Q of the cavity is approximately 16000 [16] . For a 10 MW output power, approximately 1 MW is dissipated by wall currents. Since the cavity wall has an effective area of 20 cm 2 , the power density dissipated by wall currents is 50 kW/cm 2 , acceptable only for short-pulse, low-duty-factor operation.
III.
Tae CARM electron beam requirements
For the NRL 100 GHz, 10 MW CARM design, the requirements for the electron beam are unique. A 600 kV, 200 A. electron beam is needed for optimum efficiency with the present cavity design. The beam requires transverse velocity v/c =/y to achieve high efficiency with significant Doppler upshift. Thus, for the current design, (x = v I/v11.=0.6. The waveguide mode is the TE 6 1 whispering gallery mode, and has a group velocity of 0.89c. Although this group velocity is less than optimum for autoresonance, it leads to a short interaction length (approximately 8 cyclotron orbits) and reduced sensitivity to beam spread.
The constraint on beam axial-velocity spread can be estimated by a simple coherence argument, which leads to the condition Avz/vz < L/2L. The constraint on energy spread for a beam with no pitch angle spread is
Nonlinear efficiency calculations indicate that if the velocity spread is within these constraints, the efficiency of the interaction will be degraded only slightly. According to Fig. 6 , which plots the beam quality constraints, the interaction will be unaffected if the axial vclocity spread is kept less than 3%. These curves also show that there is greater sensitivity to pitch-angle spread than to energy spread, a feature related to the auto-resonant character of the interaction.
Fig. 7, which shows the coupling strength[151 of the TE 6 1 mode as a function of radial beam position, demonstrates that the beam must have most of the current concentrated near the wall in order that it interact strongly with the operating mode.
The electron gun is designed to produce a high-quality electron beam without requiring beam scraping. The electrode shapes are chosen to compensate for space-charge repulsion within the electron beam. The beam is launched parallel to the guide magnetic field. Downstream from the diode, a nonadiabatic magnetic region provides the required transverse momentum. Separation of the beam formation stage from the transverse momentum pump allows each stage to be analyzed independently.
IV.
Design procedure for the annular gun
The cold-cathode electron gun was designed in two steps: electrode synthesis, and validation of the synthesized electrodes with an electron trajectory code 17[. The approximate electrode shapes were determined using an electrode-synthesis technique [ 18] . The synthesis code calculates the charge distribution due to a space-charge-limited, laminar flow of electrons based on a one-dimensional, planar, relativistic model. From the charge distribution, the code determines the equipotentials by solving Laplace's equation in regions external to the beam. Electrodes are placed on these equipotentials. In order to predict the behavior of the electron beam in a realistic, two-dimensional cylindrical geometry, the electrode surfaces chosen for the gun were used in a number of electron trajectory code runs. The trajectory code is the best way to determine the velocity spread in the beam, as well as to determine the transverse momentum. Fig. 8 shows the shape of the cathode and anode.
The anode-cathode system designed by the above procedure produces a cold annular beam with negligible transverse mnc nentum. In order to efficiently produce radiation, the present CARM oscillator requires an electron beam with x = 0.6. Therefore it is necessary to impart transverse momentum to the beam. A magnetic kicker provides the required transverse momentum.
The magnetic kicker consists of a local depression of the axial magnetic field and is similar to the one used by Gold et. all 191 in the NRL high voltage gyrotron experiments. If the magnitude of the magnetic field changes on a length scale shorter than a cyclotron orbit, (dBz/dz)/Bz < 2cvtz/w o , beam axial momentum is converted to beam transverse momentum. A magnetic kicker is simple to construct: a coil is wound on a section of the vacuum vessel, and a current is driven through the coil to produce a field opposite in direction to the main axial field. The combination of the nearly cold beam followed by a magnetic kicker provides a flexible way to create an electron beam suitable for tile CARMI; proper choice of operating parameters will generate an electron beam with any ux between 0.5 and 0.7, and an axial-velocity spread that shouldn't exceed 31,.
At the operating voltage of 600 kV, the electron emitter must provide uniform electron emission with an emitter surface field strength of 125 kV. At the same time, the focus electrodes, which are subjected to a field strength of 400 kV/cm, must withstand electrical breakdown. Therefore, the diode materials were carefully chosen. The emission surface is cotton velvet. The tufts of the velvet provide local enhancements to the electric field, and encourage electrical breakdown and plasma formation. Reliable emission at electric fields less than 100 kV/cm has been achieved using cotton velvet cathodes [20] . The velvet is attached to the aluminum cathode using silver-bearing epoxy.
The focus electrode is constructed of anodized aluminum. Hard coat anodization creates a corundum surface .002" thick. This surface will prevent emission at field strengths greater than 400 kV/cm, provided that the voltage pulse is less than 100 nsec long [21] ,122]. Since the pulse length cf the accelerator used for the CP.RM experiment is less than 70 nsec, the anodized surface will hold off all emission from the focus electrodes.
V. Summary
The basic design for the 100 GHz, 10 MW NRL CARM oscillator has been presented. The basic components of the CARM are a pulseline accelerator, a novel 600 kV, 200 A field emission electron gun designed for ps/p, = 0.6 and Apz/pz < 3%, and a "whispering gallery" mode rippled wall cavity. The oscillator is designed to operate at an efficiency of over 20%. Construction of the experimental apparatus is completed and the electron gun is undergoing preliminary tests. 
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